Introduction
Cup accuracy during total hip arthroplasty (THA) is an important and challenging aspect of this procedure. The longterm stability and survival of the artificial joint is governed largely by the proper sizing and implantation of components, with inaccuracies leading to a range of complications, including increased component wear (1, 2) , metallosis (3) (4) (5) (6) , increased continue to follow the initial observations of Lewinnek (14) , who suggested that cups placed within a range of 15° ± 10° of acetabular anteversion and 40° ± 10° of acetabular inclination are associated with a lower rate of dislocation. Given the lack of definitive proof that this zone is not, in fact, associated with lower dislocation rates, it remains the target for the safe placement of acetabular cups during THA.
Despite the fact that navigation shows satisfactory accuracy values, it has not become a standard of care modality, and is currently utilized in less than 3% of orthopaedic procedures (25, 26) . The reasons for this are multiple, but the cumbersome nature of the systems, their high cost -both capital and per-use -and the time added to the surgical procedure have combined to limit their overall acceptance by the surgical community (27, 28) . Additionally, the registration methods employed by navigation systems are associated with user error that can adversely affect their accuracy. Traditional navigation systems utilise the anterior pelvic plane (APP) as their frame of reference for calculations of cup angle (29, 30) , although this method may be affected by the thickness of the soft-tissues overlying these landmarks. More importantly, for surgery via the posterolateral approach, landmarking of the contralateral anterior superior iliac spine (ASIS) when the patient is fixed in the lateral decubitus position is difficult, given the difficulties in accurately identifying and marking that point (30) . As a result of these drawbacks, some authors have raised questions regarding the accuracy of the registration method associated with traditional navigation and its effect on cup position, especially for surgery performed in the lateral decubitus position (21, 30, 31) .
A new 3-D mini-optical navigation system may be able to assist surgeons during THA. This mini-navigation system has demonstrated excellent accuracy in early clinical studies (32) without requiring registration of the APP to establish a reference plane. The purpose of this cadaver study was to evaluate the accuracy of a novel mini-navigation system when compared with computed tomography (CT) imaging and to determine the error associated with registration when utilizing this system. We hypothesise that the registration error associated with the mini-navigation system will be less than the known registration error of traditional navigation systems as reported in the literature.
Methods
For this study, 6 cadavers (12 hips) comprised of the torso and lower limbs were used. 3 board-certified orthopedic surgeons each performed total hip arthroplasty procedures using the posterolateral approach on 4 hips. For all procedures, the posterior surgical approach was used, with the specimen in the lateral decubitus position. A pubis post was used to secure the specimens in place during this study, although in practice, the device is compatible with positioners securing the patient at either the ASIS or the pubis. The mini-navigation device was used during all procedures.
Procedure
This study utilised a new, 3-D mini-optical navigation system (Intellijoint HIP ® , Intellijoint Surgical, Inc.), the normal surgical use of which has been described elsewhere (33) . Briefly, a camera, fixed to the iliac crest via 2 surgical pins, captures the movements of a tracker, fixed to the greater trochanter or to other objects (e.g. impactor, probe), and relays their positional coordinates to a computer workstation located outside of the sterile field. The system provides realtime data to surgeons regarding changes in leg length, offset and cup position (anteversion and inclination). The device is compatible with all component manufacturers and does not alter the normal surgical workflow (Fig. 1) .
During specimen preparation and prior to femoral dislocation, 3 fiducial screws were inserted bilaterally into the pelvis of each specimen to serve as reference points for image analysis (Fig. 2) . These screws are not part of the normal surgical workflow for the device but were used to create a common reference plane for during this study. Fiducial screws were located on the lateral surface of the ilia, as follows: (i) near the ASIS; (ii) inferior to the iliac crest; and (iii) superior to the acetabulum. During each case, the fiducial screws were probed with the device to record their coordinates and orientation. This recording occurred after implantation of the acetabular cup and again after implantation of the femoral components. Finally, surgeons probed 3 points on the face of the inserted cup to provide its orientation in the pelvis.
The normal surgical workflow was followed during each THA procedure. Surgeons were provided randomly with 1 of 4 targets for post-operative leg length, offset and cup position. Following installation of the camera and tracker, the workstation was turned away from the surgeon to blind them to component positioning during THA. Final values for leg length change, offset change and cup position were recorded from the device and shown to the surgeon only after completion of the procedure. Cup position values were calculated from the device via 2 methods: with the tracker magnetically fixed to either the device probe, in which case the probe was used to mark 3 points on the face of the implanted cup, thus providing measurements regarding the 3-D orientation of the cup in situ; or with the tracker attached to the impactor itself, which provides a representation of the real-time measurements available to surgeons during surgery.
Patient registration was completed prior to each case using the standard procedure, which is a 2-step process. In step 1, the accelerometer, integrated into the camera unit, is used to define the patient's sagittal plane, which is assumed to be perpendicular to the direction of gravity when the patient is in the lateral decubitus position on the operating table. In step 2, the surgeon defines the patient's coronal plane by fixing the tracker to the alignment rod and then aligning the rod parallel to the coronal/longitudinal plane. The software captures the position of the alignment rod based on the relative position of the tracker. Movement of the alignment rod such as pitch or roll about its axes does not affect the frontal plane calculation. Some surgeons choose to use the APP as a proxy for the coronal plane and thus align the alignment rod with the APP, as opposed to the longitudinal axis. For the purposes of this study, we asked surgeons to align the rod with the APP, thus creating a reference plane for measurement of cup position.
Imaging and image analysis
CT imaging was used in this study. CT images were obtained post-surgically, using a GE Lightspeed 16 imager (GE Healthcare; 140 kV, 600 mA at 0.8 second revolution time, 0.625-mm slice thickness). Specimens were scanned in a supine position, as per the clinical standard for pelvic CT imaging. Images were analyzed by 2 board-certified radiologists blinded to the measurements provided by the mininavigation tool.
Image analysis software (Mimics and 3-Matic, Materialise) was used to create 3-D renderings of each image, based on CT images (Fig. 3) (34, 35) . Renderings were provided to the radiologists, who identified and landmarked the following objects on each image: the bilateral ASIS, the symphysis pubis, the fiducial screws (bilaterally) and 3 distinct points on the face of each artificial cup. Each distinct point was marked individually and the coordinate data recorded. This process was repeated 3 times by each radiologist and the results averaged to provide final coordinate values for each location. These averaged values were used in our comparison to calculate cup position, using MATLABS (Mathworks).
Statistical analysis
Means were compared using independent samples t-tests and/or single-factor ANOVA. All mean values are presented as mean (standard deviation [SD]). Intra-observer validity was assessed via the intraclass correlation coefficient (ICC). An independent statistician uninvolved in the radiographic analysis or surgical procedures completed the statistical analysis. Alpha was set a priori at 0.05 for all statistical comparisons.
Measurements of cup position were compared using both Pearson's r and the Bland-Altman technique (36, 37). The Bland-Altman analysis provides a validated method for evaluating agreement between 2 methods of measurement, and is designed to determine the level of agreement between 2 methods of measuring a clinical outcome. The resulting Bland-Altman plot allows for determination of bias between mean differences of differing methods of measurement and creates an agreement interval, referred to as the statistical limit, within which 95% of the difference of a method, as compared with an alternate method, falls (38) . For this study, a limit for clinically relevant range of cup angles (±10°), based on Lewinnek's safe zone and referred to here as the clinical limit, was also included in the Bland-Altman plots (14) .
Results
Inter-rater agreement was high, with an ICC of 0.85 for anteversion and 0.99 for inclination.
The mean cup inclination angle measured from 3-D renderings of CT scans was 43.5° (SD 5.4°), compared with 41.9° (SD 7.1°) as measured by the device probe (r = 0.73) and 42.5° (SD 6.0°) as measured via the impactor (r = 0.81) (Tabs. I and II). Using measurements calculated from probing of the cup face following implantation, the mean difference between CT and device measurements for inclination was -1.7° (SD 4.9°, range -9.4°-5.9°), while the mean absolute difference was 4.2° (SD 3.2°, range 0.8°-9.4°). The mean difference between CT and impactor-derived measurements of inclination was -1.0° (SD 3.7°; range -8.3°-4.9°) (absolute mean difference between CT and impactor measurements of 3.0° (SD 2.4°; range 0.1°-8.3°).
The mean cup anteversion angle measured from CT was 21.9° (SD 12.4°), compared with 16.7° (SD 11.3°) as measured by the device probe (r = 0.80) and 16.8° (SD 10.6°) as measured via the impactor (r = 0.72). The mean difference between anteversion angles calculated from CT scans and from the device was -3.5° (SD 4.5°) via the probe and -3.4° (SD 5.4°) via the impactor. The mean absolute differences were 4.0° (SD 4.0°) and 4.9° (SD 3.9°), respectively.
A Bland-Altman analysis demonstrated excellent agreement between measurements from the CT scans and the mininavigation tool. For measurements derived from the device probe, 100% (12/12) of inclination measurements fell within both the clinical and statistical limits of agreement, while 92% (11/12) of anteversion measurements fell within both limits (Fig. 4) . Similar results were noted when comparing CT measurement with those derived from the device using the impactor, where 92% (11/12) of inclination measurements fell within the statistical limits and 100% (12/12) fell within clinical limits (Fig. 5A ). For anteversion, 92% (11/12) of measurements fell within the statistical limits and 83% (10/12) of measurements fell within the clinical limits (Fig. 5B) .
Discussion
Computer-assisted navigation has improved the accuracy with which components are selected and implanted during total hip arthroplasty. This improved accuracy has been demonstrated to be superior to traditional manual methods (18, 19) and is associated with decreased rates of dislocation (22) . Despite these observed improvements in accuracy, however, navigation has not expanded beyond a 1-3% use in orthopaedic procedures (25, 26) , due to a number of factors, namely large capital cost, significantly lengthened procedural time and an overall cumbersome nature (19, 27, 28, 39) . Additionally, there is a known user error associated with registration while using navigation, errors that can ultimately affect the accuracy of the system's measurements. We investigated the error associated with a novel, mini-navigation system and found that this system is associated with lower registration error than has been reported for traditional navigation systems.
Current navigation systems rely on registration of the anterior pelvic plane to provide reference coordinates to calculate the positioning of components during THA (29, 30) . Probing of the ASIS bilaterally and the symphysis pubis provides the coordinates to create the APP; however, this method is associated with inherent sources of error. For surgery performed in the lateral decubitus position, the logistical difficulties in the probing of the contralateral ASIS necessitates repositioning after pelvic registration, leading to increased surgical time and possible concerns of sterility (30) . Additionally, the varying thickness of soft-tissues over the APP landmarks is a subject of debate, with some authors suggesting a correlation between soft-tissue thickness and acetabular cup anteversion error (31, 40) , and others unable to find a correlation between registration error and soft-tissue thickness (29, 41) . This lack of consensus regarding the usefulness of the APP as a registration plane has been the impetus for ongoing research into methods for improving registration (30) . Several studies have evaluated the registration error associated with traditional navigation. Davis et al (30) observed errors of -4.8° (SD 2.7°) for anteversion and -1.8° (SD 1.8°) for inclination, similar to the findings of Ybinger et al (31) , who noted errors of 3.5° (SD 4.4°) for inclination and 6.5° (SD 7.3°) for anteversion. Sendtner et al (19) demonstrated slightly lower levels of error: 0.37° (SD 3.26°) for inclination and -5.61° (SD 6.48°) for anteversion. Our study demonstrated error of -1.0° to -1.7° for inclination and -3.5° to -3.4° for anteversion when evaluating our registration method, error less than that noted in these studies of traditional navigation. We tested error by both probing the cup face and using a tracker on the cup impactor, and demonstrated less error than that observed in studies of traditional navigation. Indeed, when converted to absolute measurements -which reflect the true distance from zero -our error for anteversion was comparable to the signed error reported by other authors. In a previous study (42) , we compared CT measurements of cup position with the probed position of the cup face to establish the absolute error associated with the mini-navigation system itself. This error was estimated at 0.74° for anteversion and 0.97° for inclination (absolute values) and represents the inherent error associated with the system itself, independent of the user. Removing this known system error from our results provides a true measure of the error associated with our registration method. Even when using absolute values, we can calculate this error as 3.23° (probe) and 4.23° (impactor) for inclination and 3.26° (probe) and 3.23° (impactor), accuracy that matches or exceeds the signed error reported by traditional navigation.
Davis et al (30) , in addition to evaluating traditional registration techniques, evaluated a novel method of registration by reconstructing the APP through landmarking of the ipsilateral ASIS, the spinous process of L5 and points on the acetabular fossa, acetabular cavity and anterior rim. Using this novel method, they noted errors of -1.1° (SD 3.1°) for inclination and 0.9° (SD 3.9°) for anteversion. Although their findings demonstrated improved accuracy compared with the traditional epicutaneous capture of the APP, they do not remove the sizable barriers associated with traditional navigation, such as cost and time-add. The mini-navigation system tested here does not share the drawbacks of traditional navigation. No capital equipment purchase is required, as the device is portable, self-contained and, when combined with a payper-use model, the costs are substantially lower than that of traditional navigation (32) . The system is compatible with all implant manufacturers and patient bolsters and is associated with greater ease-of-use, as the camera remains within the sterile field during use, thus eliminating both the installation of cameras in the operating room and the issues raised by interruption of line-of-sight during surgery. Finally, the device does not significantly add to procedural time (43) . Given the excellent accuracy and low registration error associated with this mini-navigation system, it provides a real alternative to traditional navigation for THA surgeons.
This study has limitations. The use of cadavers, specifically frozen specimens as used in this study, has been raised as a concern by some authors (44) , who suggest that such specimens may not accurately duplicate the movements associated with living tissue. In our study, all specimens were fully thawed prior to use, to allow for appropriate manipulation during surgery. As well, the use of cadaver specimens allowed us to make use of fiducial markers, which increased the accuracy of our measurements and reference planes above the level that would have been achieved using human subjects. A limitation of studies using radiographs to measure leg length and offset is the potential for distortion and artifact on the radiographs that render the findings inaccurate. In this study, we were able to take advantage of the cadaver specimens and the measurement capabilities of the mini-navigation device to record the pre-surgical position of the cadaver and replicate this positioning prior to post-surgical radiographs. Our cadaver specimens contained only the torso and lower limbs and ranged in body mass index (BMI) from 14 to 22 (mean 18.3; SD 3.6). It is possible that we were not able to accurately duplicate the patient positioning in the lateral decubitus position due to the lack of head and upper limbs. This potential risk was mitigated; however, by the use of bolsters to secure the specimen in the appropriate position and by using the mini-navigation device to monitor specimen positioning throughout the procedure. Although BMI is known to impact patient positioning and ultimately cup position during THA, it is obesity that is most often the problematic factor (45, 46) . As our specimens largely fell within the normal to low-normal range of BMI and none would have been considered obese, it is unlikely that BMI would have adversely affected our findings. Conversely, the average BMI of our specimens was lower than that of other studies of navigation (e.g. 27.6, range 19.7-39.7 [30] ). As such, our findings may not be ideally representative of a more obese patient population. Future studies should include specimens with a larger BMI, to more closely approximate the BMI range associated with patients undergoing THA.
This study demonstrates the registration accuracy of a novel mini-navigation system that does not require registration of the APP during THA. By avoiding the issues associated with accessing the APP during surgery performed in the lateral decubitus position, this new system provides the opportunity for more accurate measurement of component positioning than traditional navigation. 
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